Lung function and exercise capacity in thalassaemia major
C. Cracowski*, B. Wuyam*, V. Klein**, P. Lévy* Thalassaemia major is characterized by a congenital abnormality of globulin chain synthesis, ineffective erythropoiesis and severe anaemia. Treatment is generally based on regular transfusions in addition to iron chelation therapy (due to iron overload). Such treatment has been shown to be effective in reducing overall mortality, which is most frequently due to cardiac complications [1, 2] . The improved prognosis allows new clinical features to emerge, in particular lung function impairment.
Initial studies regarding lung function, however, were quite contradictory. COOPER et al. [3] demonstrated a restrictive pattern in some patients that tended to correlate with age and hence the duration of the disease. Conversely, in the same year, KEENS et al. [4] described abnormalities in lung function test results suggestive of a small airway dysfunction which, they postulated, could be due to iron deposits in peripheral airways. Since then, studies have revealed either an obstructive [5] or more frequently a restrictive pattern [6] [7] [8] [9] . In addition, several authors have suggested the possibility of pulmonary vascular involvement by microthrombosis. This was initially suggested on histological findings after autopsy [10] . Pulmonary hypertension was later detected in some patients by echocardiography [7] and right heart catheterization [11] . Finally, the pulmonary consequences of abnormal cardiac function may interfere with lung involvement by the disease and/or its treatment (iron overload) and this may account for at least some of the abnormalities of lung function test results. Therefore, this study was undertaken to assess lung function and simultaneously conduct echocardiography and cardiopulmonary exercise tests in thalassaemic patients. The aims were 1) to detect potential pulmonary hypertension and/or other forms of lung involvement at an early stage and 2) to investigate whether exercise tolerance would be predominantly affected by cardiac or pulmonary abnormalities.
Methods

Patients
Eleven subjects were recruited from the author's institution between December 1995 and March 1996: six children and adolescents (aged 6-18 yrs), followed by the Paediatric Department, and five adults (aged 31-35 yrs), followed by the outpatient clinic of the Haematology Department. One patient was excluded from the analysis owing to a combination of factors affecting respiratory function and not directly related to thalassaemia present in this subject, i.e. obesity (1.56 m, 66 kg), abdominal parietal defect after surgery and kyphoscoliosis. The excluded patient also suffered from occasional symptoms of allergic asthma and received inhaled bronchodilator and anti-inflammatory drug therapy. None of the other subjects had symptoms compatible with chronic lung disease. All patients or their parents gave their informed consent to participate in the Ten patients (five adults and five children) with thalassaemia major were investigated by echocardiography, lung function and exercise testing a few days after transfusion. All have had regular transfusions and chelation with deferoxamine and none had chronic pulmonary disease symptoms.
Minor lung function abnormalities were found: two patients had moderate obstructive syndrome and two had a decreased carbon monoxide transfer factor. Hypoxaemia was never found at rest and no desaturation was observed at the end of exercise. Echocardiographic abnormalities were also moderate. Peak oxygen consumption (V 'O 2 ) was decreased in three adults and was lower in adults than children (means 27.7±4.6 and 41.1±4.8 mL·kg -1 ·min -1 respectively). The V 'O 2 /cardiac frequency slope was lower in adults than children (0.25±0.06 versus 0.42±0.10 mL·kg -1 ·min -2 ), whereas end-exercise breathing reserve was >40% maximal voluntary ventilation for all patients.
In conclusion, none of the patients had ventilatory limitations but older patients had cardiac limitations assessed by the relationship between oxygen consumption and cardiac frequency. Exercise testing may detect cardiac impairment in thalassaemia major earlier than investigations at rest. Eur Respir J 1998; 12: 1130 -1136 study. A diagnosis of major β-thalassaemia was made in the first year of life for eight out of the 10 patients, and at 3 and 4 yrs of age for the other two patients. All patients were treated by regular transfusions of erythrocytes (mean volume 545 mL, range 300-750 mL) every 3-7 weeks. Transfusions began at the time of diagnosis for all patients and were maintained throughout the evolution of the disease. In addition, regular iron chelation was administered using deferoxamine (DFO) injection either intravenously or sub-cutaneously (mean dose of 1.3 mg·kg -1 ·month -1 , range 0.6-2.6). Chelation therapy was started 0-3 yrs after the beginning of transfusions for the five children and 4-8 yrs for the five adults. Compliance with therapy was good. Treatment with DFO was not permanently maintained, how-ever, especially in adults where culminated time without chelation therapy reached 5-12 yrs (versus 0.3 yrs in children). The duration for which serum ferritin was elevated (arbitrarily, greater than three times the normal value, i.e. 1,000 µg·L -1 ) was evaluated in each subject and was 2.5-11 yrs for children and 17-35 yrs for adults, despite chelation therapy. All subjects were nonsmokers. Two patients (Nos. 9 and 10) had had acute respiratory symptoms at-tributed to DFO toxicity which proved clinically rever-sible after interruption of the treatment. Two of the five children and all adults suffered from hepatosiderosis of various intensity, two adults suffered from glucose intolerance and all adults suffered from endocrine insufficiency (four with hypoparathyroidism, three with sex hormone fail-ure, one with hypothyreosis and one with growth hormone insufficiency) and received hormone-replacement therapy. All adults and children had an active and socially well-in-tegrated lifestyle.
Lung function testing
Lung function tests were performed 1-4 days after transfusion. For adults, lung volumes and forced ventilator flows were determined with a computerized water-seal spirometer (Volugraph® VG 2000; Volugraph, Mijnhardt, The Netherlands). In children and adolescents, a calibrated heated Fleisch (No. 2 and 3) pneumotachograph was used for spirometry (Eolys®; Lyon, France). Functional residual capacity (FRC) was determined by helium dilution. For children, the helium circuit volume was reduced (<4 L) and two reproducible measures of FRC (±10%) were obtained in all children. Reference values were the 1983 European Community for Coal and Steel reference values for adult Caucasians [12] and those of ZAPLETAL et al. [13] for children and adolescents.
The carbon monoxide transfer factor (TL,CO) and coefficient (KCO) were measured by the single breath-holding method using a calibrated infrared CO analyser (PK Morgan, Gillingham, Kent, UK). TL,CO was expressed at a standard haemoglobin concentration (Hb) of 146 g·L -1 for males and 136 g·L -1 for females. Reference values were those of COTES et al. [14] .
Blood gas analyses
Arterial blood gas were sampled at rest in a supine posture and analysed (Corning 178; Ciba-Corning, Medfield, MA, USA; ABL 500; Radiometer, Copenhagen, Denmark). Arterial oxygen saturation (Sa,O 2 ) and Hb concentration were measured with an haemoximeter (OMS 3; Radiomet-er) calibrated for the presence of foetal haemoglobin (HbF).
Exercise testing
Exercise studies were performed within 3-5 days after transfusion. Subjects exercised on a mechanically braked cycle ergometer (Ergedic 818, Monark®; Varberg, Sweden) using a 15 W·min -1 incremental protocol until exhaustion. Maximal exercise was determined using standard criteria [15] . In young children (< 10 yrs), treadmill exercise was used with a constant treadmill speed of 5 km·h -1 and progressive increase in slope of 2.5%·min -1 . Expired volumes were measured using a Fleisch 3 pneumotachograph. Oxygen consumption (V 'O 2 ) and carbon dioxide production (V 'CO 2 ) were derived from 30 s measurements of O 2 (zirconium O 2 analyser) and CO 2 (infrared CO 2 analyser) fractional concentrations in a 7 L mixing chamber (Metasys TM®; Brainware, La Salette du Var, France). The peak V 'O 2 measurements were expressed as per cent of predicted normal values for sedentary adults and children [15] . End-exercise ventilation was expressed as a percentage of maximal voluntary ventilation (MVV) calculated by the formula: MVV = 35 × forced expiratory volume in one second (FEV1) [15] . The ventilatory threshold (VT) was determined using the ventilatory equivalent method: minimal V 'E (ventilation)/V 'O 2 preceding the increase in V 'E/V 'CO 2 [15] and the change in the slope of the V 'CO 2 /V 'O 2 relationship. A good agreement between the two methods was observed in all subjects. Sa,O 2 was monitored using an earlobe pulse oximeter (Satlite trans®; Datex, Helsinki, Finland). At the end of exercise (1 min after cessation), lactataemia was determined by micropuncture recovery of 20 µL of capillary blood. Determination was performed by enzymatic dosage (Microzym L®; SGI, Toulouse, France).
Echocardiography
Echocardiography was performed in all subjects 1-28 days after transfusion. A unique operator performed the echocardiography in each group of adults (Hewlett Packard 1500 and/or 2500 echocardiograph with 2.0 and 2. The apical four-chamber view was analysed to study RV systolic function. The two-dimensional RV shortening fraction was calculated from the end-diastolic and systolic area. Doppler studies were performed with pulsed and continuous-wave Doppler probes. Systolic pulmonary artery pressures (sPAP) were calculated from the right atriumventricle pressure gradient (RA-RVg) using the tricuspid insufficiency flow velocity by the following formula: sPAP =RA-RVg+10 mmHg. Cardiac output was calculated from the aortic flow, aortic diameter and cardiac frequency (fC). As proposed by FEIGNEBAUM [16] , left and right diastolic diameters were expressed as values normalized for differences in body surface area (cm·m -2 ).
Statistical analysis
Group data were expressed as mean±SD. Between-group comparison (adults versus children) were made with a nonparametric Mann-Whitney test. Correlation analysis was performed using a nonparametric Spearman's test. Results were considered as significant for p-values <0.05.
Results
Biological data
The mean Hb count after transfusion was 110±22 g·L -1 . Three patients (Nos. 1, 5 and 7) had a [Hb] <100 g·L -1 even after transfusion. The mean pretransfusional level of Hb over the preceding months was 81±7 g·L -1 . The serum ferritin level was elevated at the time of the study: mean =1633±1340 µg·L -1 range 400-4,600 µg·L -1 (normal 5-350 µg·L -1 ).
Lung function testing and blood gases at rest
Lung function was minimally affected in this group of patients. Two patients (Nos. 3 and 7) displayed airway obstruction, defined by a decrease in FEV1/vital capacity (VC) ð90% predicted (table 1). None of them had clinical symptoms of asthma. Nor did any of the patients have a restrictive defect, defined by total lung capacity (TLC) <80% pred, and the mean TLC for the group was 96±8% pred. A diffusion abnormality, i.e. KCO <80% pred was detected in two of the five adult patients (patients No. 1 and 3) but none of the children. All patients had normal blood gases at rest, in particular, none of the patients, neither adults nor children, were hypoxaemic at rest (group mean arterial oxygen tension (Pa,O 2 ) of 13.1±1.1 kPa).
Mean Sa,O 2 was lower in adults than in children: 94±1 and 96±1%, respectively (p=0.01).
Exercise capacity
All subjects reached a near-maximal fC at the end of exercise (group mean fC 180±11 beats·min -1 , 91±6% of predicted maximal fC (table 2)). The respiratory exchange ratio (RER=V 'CO 2 /V 'O 2 ) at the end of exercise was high (group mean RER of 1.12±0.07); this was particularly so in adults where the group mean RER was 1.20±0.06. This suggests that maximal exercise was achieved.
A decrease in exercise capacity was observed, at least in some of the patients (Nos. 1, 3 and 4). The group mean peak V 'O 2 achieved was 86±19% pred normal sedentary subjects. Subgroups of adults or children were differently affected: adults had a significantly lower peak V 'O 2 (mean of 27.7±4.6 mL·kg -1 ·min -1 , 76±10% pred) than children (mean of 41.1±4.8 mL·kg -1 ·min -1 , 94±22% pred); (p=0.03). None of the patients had ventilatory limitation, as assessed by an end-exercise ventilation at 59.2±10.7% MVV, (normal (N) Š40%). Breathing reserve at the end of exercise was >15 L·min -1 in all patients [15] . The group mean ventilatory threshold was 55±15% of peak V 'O 2 . One subject (patient No. 3) had a low ventilatory threshold at 38% peak V 'O 2 pred. Mean ventilatory threshold was significantly lower in adults than in children (48±8% versus 66±8% of peak V 'O 2 , respective-ly; p=0.03).
Sa,O 2 was stable during exercise in all patients, with changes in O 2 saturation of <4%. There was no argument in favour of an increased dead space during exercise; in particular, the V 'E/V 'CO 2 ratio at the ventilatory threshold was within normal limits (mean group V 'E/V 'CO 2 =30.2± 4.0; N = 29.1±4.3). Lactataemia at the end of exercise was 7.1±1.5 mmol·L -1 in adults and 6.3±0.5 mmol·L -1 in children. V 'O 2 (normalized for differences in body weight)/fC relationships in adults and children are shown in figure 1 . V 'O 2 /fC relationships could be adequately described by linear functions in all patients (values of the regression cor- relation coefficient r reached 0.93-0.99). Adult patients had a significantly lower slope of the V 'O 2 /fC relationship (i.e. a lower increase in V 'O 2 associated with a given increase in fC) than children (mean slope=0.25±0.06 versus 0.42±0.10 mL·kg -1 ·min -2 , p=0.02). The mean values of the V 'O 2 /fC slope normalized for body weight in 107 children ranging 6-17 yrs described by COOPER et al. [17] were 0.37±0.10 mL·kg -1 ·min -2 for the male children and 0.29± 0.08 mL·kg -1 ·min -2 for the female children.
Echocardiography
Echocardiographic measurements are shown in table 3. The estimated cardiac index was elevated (group mean at 3.9±0.8 L·min -1 ·m -2 , compared with a normal value of 2.9± 0.4 L·min -1 ·m -2 ). Left systolic dysfunction was present in one patient (patient No. 4) with a shortening fraction of the left ventricle of 27% (N=36±4%). Group mean shortening fraction, however, was normal: 39±6% and three patients had a shortening fraction >40% (patients No. 3, 9 and 10). Moderate LV end-diastolic dilatation was present in three adult patients (patients No. 1, 3 and 4). LVPW thickness was normal in all subjects and IVS thickness was moderately increased for patients No. 1 and 5. sPAP was significantly higher in adults (33±4 mmHg, range 28-37 mmHg) than in children (24±3 mmHg, range 20-28 mmHg; p=0.01). Diastolic dimensions of the right ventricle were higher than normal in both adults and children.
Correlations
Significant correlations were found between peak V 'O 2 (% pred) and the slope of V 'O 2 /fC (p=0.01), with the peak V 'O 2 being maximally lowered in those patients with the lowest slopes. Peak V 'O 2 tended to be otherwise inversely correlated with age (p=0.08) and with the duration for which serum ferritin was elevated (p=0.05). No correlation was found between peak V 'O 2 and Hb level (p=0.10) or shortening fraction of the left ventricle measured at rest (p=0.77). A significant inverse correlation was found between sPAP and KCO (p=0.05). sPAP correlated with age (p=0.03) and with the duration for which the ferritin level was elevated (p=0.02).
Discussion
The main finding of this study was a significant impairment in exercise capacity in thalassaemic adult patients, which was not observed in children. No evidence was found in favour of a pulmonary parenchymal or vascular involvement responsible for exercise limitation. The abnormal cardiac response may have contributed to the exercise limitation observed.
The decrease in KCO and bronchial obstruction in two patients, both of which were of mild intensity, were the only respiratory abnormalities observed in this population. Although the nature of the ventilatory defect (i.e. restrictive versus obstructive) in thalassaemia is not entirely clear, bronchial obstruction has occasionally been reported and this was associated with hyperinflation and hypoxaemia; small airway disease due to iron deposition may have been a causative factor [4] . Recent reports on lung function immediately after transfusion have shown that thalassaemic patients with a clinical history of airway obstruction and a decrease in FEV1 and forced expiratory flow between 25 and 75% vital capacity (FEF25-75%) had a worsening of their airway obstruction after transfusion [5] . This suggests that airway narrowing may, at least in part, be due to airway wall vascular engorgement and/or oedema induced acutely and aggravated by transfusion. Cardiac dysfunction may potentially enhance this phenomenon.
TL,CO was also minimally affected in this group of patients. It should be noted, however, that this occurred in adult patients and not in the three children studied where, conversely, KCO tended to be above the normal range. A similar increase in KCO was observed in other studies of thalassaemic children [3] . Factors responsible for this increase have been attributed either to structural changes in relation to the disease (slowing in the growth of the airspace relative to the vascular bed) or to functional changes related to the increase in pulmonary perfusion. Conversely, a decrease in KCO has been reported in thalassaemic patients, including adult patients [8] . Careful determination of a gas transfer factor of the pulmonary membrane suggested that this decrease could primarily be due to an alveolocapillary membrane block. This was additionally associated with a decrease in TLC and exercise desaturation. Infiltration by abnormal erythroid cells (ineffective erythropoiesis) has been proposed to explain this impairment [11] . An alternative explanation for the decrease in KCO may be a consequence of pulmonary artery disease observed by several investigators in thalassaemia. In a study by GRISARU et al. [7] on 35 patients with homozy-gous β-thalassaemia, pulmonary hypertension was detect-ed in 74% of patients by echocardiography. In a different population [11] , high levels of sPAP (55-90 mmHg) have been reported using right heart catheterization. However, pulmonary artery disease was not thought to be present in the present patients. Exercise testing is considered a sensitive tool for detecting pulmonary vascular disease. Neither a significant increase in dead space ventilation (as re-flected by a normal V 'E/V 'CO 2 at ventilatory threshold) nor arterial oxygen desaturation during exercise (a promin-ent feature of pulmonary vascular disease) was observed in these patients. The exact behaviour of KCO during the course of thalassaemia is unknown; in particular, the possibility that an increase in KCO (as observed in children) may precede a subsequent decrease (as observed in adulthood) would require further studies.
A significant decrease in exercise capacity was seen in adult thalassaemic patients (mean age 33 yrs) which was not observed in the subgroup of children (mean age 12 yrs). The main differences between these two groups were the duration of evolution of the disease and the fact that Ranges are shown in parentheses. LV: left ventricle; RV: right ventricle; IVS: interventricular septum thickness; LVPW: LV posterior wall thickness; Shorten fract: shortening of ventricular diameter during systole; sPAP: systolic pulmonary arterial pressure.
splenectomy was performed only in adults. No arguments were found in favour of a ventilatory limitation in this group of patients. A relative hypoventilation during exercise in thalassaemia has been hypothesized by GRANT et al. [17] . These authors observed a decrease in the V 'E/ V 'CO 2 ratio associated with an increase in "estimated" PCO 2 . Similar findings have been reported by ROSS et al. [18] . In the present study, mean V 'E/V 'CO 2 at the ventilatory threshold were of the same range as those noted for control subjects at 45% of maximal power in the study of GRANT et al. [17] . The reasons for these differences are unclear. There are several arguments in favour of a cardiac limitation in this group of adult patients: 1) none of them showed ventilatory limitation; 2) all reached a near-maximal fC at the end of exercise; and 3) a decrease in ventilatory threshold was observed in the most affected patient (patient No. 3) and the ventilatory threshold tended to be lower in affected adult patients than in children. The slope of the V 'O 2 /fC relationship is an additional indicator of systolic ejection function during exercise [15, 19] . A low slope of V 'O 2 /fC indicates that a high fC increase is associated with a given increase in V 'O 2 . A reduced stroke volume during exercise is associated with a steep fC response (i.e. a low slope of V 'O 2 /fC). COOPER et al. [19] extensively studied such relationships in children and showed that the value of the slope during exercise was principally affected by weight (presumably reflecting muscular mass). Thus, the slope of V 'O 2 /fC normalized for differences in weight is independent of age [19] . In the present study, all values of the V 'O 2 /fC slope were within normal limits (mean± 2SD), or elevated in children. Conversely, adults had significantly lower values of the slope of V 'O 2 /fC than children and the slope value correlated negatively and maximally with the time spent with a high serum ferritin level (p= 0.04). Other studies have documented an impairment in exercise capacity in thalassaemia. In a group of 13 thalassaemic patients 12-22 yrs old, the mean V 'O 2 achieved was 28.7±2.1 versus 38.0±7.9 mL·kg -1 ·min -1 in controls [17] . Similar fC were reached at the end of exercise in both groups, and cardiac output at a given V 'O 2 was higher in thalassaemic patients. Surprisingly, none of these parameters was influenced by transfusion.
Anaemia is a possible confounding factor which may have affected peak V 'O 2 [20] as well as the haemodynamic response to submaximal exercise [21] . The degree of anaemia is important to consider, however, and moderate levels of anaemia (two-thirds or more of normal Hb level) are associated with limited cardiovascular consequences and preserved O 2 transport [22] . It should be emphasized that the present patients were generally moderately anaemic (mean Hb 112 g·L -1 ). The precise effects of anaemia on the V 'O 2 /fC relationships are conflicting. In a study by MILLER et al. [21] , the authors suggested that the cardiac response associated with a given V 'O 2 is affected more by the amount of muscular mass than by the degree of anaemia. Thus changes in V 'O 2 normalized for body weight, as in the present study should be less affected. However, COOPER et al. [23] provided direct evidence that the level of Hb (modified by transfusions) may at least in part influence the V 'O 2 /fC relationship. This effect, however, was of limited importance in the subgroup of older patients, with a 13% increase in the V 'O 2 /fC slope after transfusion in the group of patients >12 yrs old [23] . It is unlikely that differences in the V 'O 2 /fC slope between children and adults in the present study can be explained by differences in the level of Hb which was, additionally, not significantly different between children and adults in this population.
A normal or increased slope, as observed in the group of children, would suggest a normal cardiac response to exercise in this group. Conversely, the decrease in the slope of V 'O 2 /fC observed in adults may reflect an impairment of cardiac function. The significance of this observation could be a lower stroke volume on exercise in adults than in children. LV dysfunction during exercise has been proposed as an early marker of cardiac impairment in thalassaemia [24] , followed by moderate ventricular dilatation and LV dysfunction at rest later in the course of the disease [7, 25] . Other authors have described an abnormal contraction and relaxation of the posterior LV wall [26] . Such abnormalities may precede concentric LV thickening, which occurred in 75% of thalassaemic patients in the study by HENRY et al. [27] . None of these abnormalities, however, was seen in the present study. Echocardiographic measurements in this study showed an elevated cardiac index in both adults and children, which inversely correlated with Hb level. This may have artificially enhanced the resting shortening fraction and precluded the sensitive evaluation of cardiac impairment.
In conclusion, an abnormal cardiac response on exercise was the most frequent abnormality observed in this group of adult patients with limited pulmonary involvement. The early detection of cardiac abnormalities detection may have important therapeutic and prognostic implications in thalassaemia as well as other causes of secondary haemosiderosis. Further studies would be warranted to establish the long-term reproducibility of indices derived from exercise testing as a tool to detect early cardiac dysfunction in the course of this disease.
